ABSTRACT: Selection criteria for yearling bulls commonly include indicators of fertility and carcass merit, such as scrotal circumference (SC) and intramuscular fat percentage (IMF). Genetic correlation estimates between ultrasound traits such as IMF and carcass marbling score (MS) with fertility traits SC and heifer pregnancy (HP) have not been reported. Therefore, the objective of this study was to estimate the genetic parameters among the indicator traits IMF and SC, and the economically relevant traits MS and HP. Records for IMF (n = 73,051), MS (n = 15,260), SC (n = 43,487), and HP (n = 37,802) were obtained from the Red Angus Association of America, and a 4-generation ancestral pedigree (n = 10,460) was constructed from the 8,915 sires represented in the data. (Co)variance components were estimated using a multivariate sire model and average information REML to obtain estimates of heritability and genetic correlations. Fixed effects included contemporary group and the linear effect of age at measurement for all traits, and an additional effect of age of dam for both HP and SC. The random effect of sire was included to estimate additive genetic effects, which were assumed to be continuous for IMF, MS, and SC, but a probit threshold link function was fitted for HP. Generally moderate heritability estimates of 0.29 ± 0.01, 0.35 ± 0.06, 0.32 ± 0.02, and 0.17 ± 0.01 were obtained for IMF, MS, SC, and HP on the underlying scale, respectively. The confidence interval for the estimated genetic correlation between MS and HP (0.10 ± 0.15) included zero, suggesting a negligible genetic association. The genetic correlation between MS and IMF was high (0.80 ± 0.05), but the estimate for HP and SC (0.05 ± 0.09) was near zero, as were the estimated genetic correlations of SC with MS (0.01 ± 0.08) and IMF (0.05 ± 0.06), and for HP with IMF (0.13 ± 0.09). These results suggest that concomitant selection for increased fertility and carcass merit would not be antagonistic.
INTRODUCTION
Reproductive traits have been shown to have a large impact on profitability when compared with other economically relevant traits , such as growth performance and carcass merit, at the cow-calf level (Melton, 1995) . Economic incentives are currently given to producers who retain ownership and market on various grid and branded programs. These economic signals indicate a need for concomitant selection for carcass merit and fertility for commercial producers to improve total revenue of their operation.
Yearling bulls from the seedstock segment of the beef industry are commonly performance tested before sale. These tests rank bulls based on phenotypic performance for ADG, ultrasound indicators of carcass merit, and indicators of fertility such as yearling scrotal circumference (SC). Bull buyer selection criteria for yearling bulls commonly include indicators of fertility (Brinks et al., 1978; Toelle and Robison, 1985; Martínez-Velázquez et al., 2003) and carcass merit (Crews and Kemp, 2002) , such as SC and intramuscular fat percentage (IMF).
Optimal selection decisions based on multiple traits must consider genetic antagonisms among the traits of interest. Breeders have expressed concern with the heavy selection emphasis on marbling score (MS) and the relationship of that trait with heifer fertility. Genetic correlation estimates for carcass merit traits such as ultrasound IMF and MS with fertility traits such as SC and heifer pregnancy (HP) have not been reported. There has been evidence reported that IMF may have potential as an indicator of HP rate (Evans et al., 2004) . Adding useful indicators of HP to a genetic evaluation has the potential to increase accuracy and rate of genetic change. Therefore, the objective of this study was to investigate genetic and environmental relationships among IMF, SC, MS, and HP in Red Angus cattle.
MATERIALS AND METHODS
Animal Care and Use Committee approval was not obtained for this study because data were obtained from the Red Angus Association of America (RAAA, Denton, TX) databases.
Records for IMF, MS, SC, and HP were obtained from RAAA along with associated pedigree information on animals born between 1977 and 2007. The RAAA defines a successful heifer pregnancy phenotype as a heifer that has an observable calving observation by 2 yr of age, falling within a calving interval designated by a producer-defined breeding season length. A successful HP is denoted as a 1 and a failure as a 0.
Contemporary groups (CG) for IMF, MS, and SC were defined as combinations of yearling management code, yearling working group, sex, and measurement date, whereas CG for HP additionally included heifer management code. Data were edited to remove records for animals that had observations 5 SD or greater from their respective CG means, competed in CG of less than 5 animals, and CG with no variation. These edits resulted in a total of 149,478 animals in the final data set with numbers of records for IMF, MS, SC, and HP of 73, 051, 15, 260 43, 487, and 37, 802 and unique CG of 4, 865, 442, 1, 813, and 1, 670 , respectively. For the purposes of variance component estimation, a 4-generation ancestral sire pedigree (n = 10,460) was constructed from the 8,915 unique sires represented in the final data set.
A multivariate sire model was used to estimate direct genetic and residual (co)variance parameters. Fixed effects included CG and the linear effect of age at measurement (d) for all traits. Age at measurement for HP was defined as the age at which the heifer was initially exposed to breeding. An additional effect of age of dam (2, 3, 4, 5 to 9, ≥10 yr of age) was fitted for both HP and SC (BIF, 2002) . The random effect of sire was included to estimate additive genetic effects, which were assumed to be continuous for IMF, MS, and SC. Due to the binary nature of HP observations, a probit threshold link function was fitted for HP to convert the observation to the underlying scale (Gianola and Fouley, 1983; Harville and Mee, 1984; Evans et al., 1999; Doyle et al., 2000) . The linear model used can be described in matrix notation as 
where known incidence matrices X i and Z i relate unknown fixed (b i ) and direct genetic (u i ) effects, respectively, to observations in y i with subscripts 1, 2, 3, and 4 denoting IMF, MS, SC, and pseudo observations for HP on the underlying scale, respectively, and e i is a random residual term specific to animals with records for trait i. The first and second moments of the model were assumed to be
where u and e are vectors of additive direct genetic and residual variance, respectively, for each trait i, described above. The A is the Wright's numerator relationship matrix, ⊗ is the Kronecker product operator, G 0 is the additive genetic (co)variance matrix, and R n is a matrix of residuals such that with only trait 1, trait 2, trait 3, or trait 4 measured on a single animal, e   1  2  3  4   2  2  2  2 , , , will be on the diagonal with subscripts defined above. For HP, the probit threshold model residual variance for HP on the underlying scale is constrained to 1 (Gianola and Fouley, 1983; Harville and Mee, 1984) . With 2 traits measured on the same animal, σ e i 2 will be on the diagonal and σ e e i j , will be on the corresponding off-diagonal, where σ e i 2 is the variance due to residual effects for trait i, and σ e e i j , is the residual covariance for ith and jth traits measured on the same animal with i ≠ j. Due to the nature of the traits analyzed, all traits could not be measured on the same animal, and therefore most residual covariances were by definition zero. For instance, the sex-limited expression of fertility traits SC and HP could not be measured on the same animal, and breeding animals would not have MS records. The only traits that could have multiple records would be IMF with both HP and SC observations. The genetic parameters for all traits and their SE were estimated using ASREML (VSN International Ltd., Hemel Hempstead, UK), which employs an average information REML algorithm.
RESULTS AND DISCUSSION
Summary statistics for phenotypic measures of IMF, MS, SC, and HP are presented in Table 1 . Crews et al. (2003) reported slightly smaller IMF averages for Simmental cattle and also reported that Simmental heifers had greater IMF (3.40%) than Simmental bulls (2.68%). MacNeil and Northcutt (2008) reported similar trends in Angus cattle with heifers having greater IMF (4.46%) than their male counterparts (3.73%). The current 3.79% IMF estimate is similar to the 3.26% estimate reported by Speidel et al. (2007) for both sexes in Red Angus cattle. The average MS of 5.42 was between the 5.01 and 6.02 MS reported by Crews et al. (2003) and MacNeil and Northcutt (2008) , respectively. The average phenotypic SC in these data was 35.24 cm and was equivalent to the 35.5 cm reported by Crews and Enns (2008) for Red Angus Cattle. The success rate for HP in these data (80%) was similar to the 78 and 89.2% success rates reported by Evans et al. (1999) and Doyle et al. (2000) , respectively. Table 2 summarizes estimates of genetic (co)variances and their corresponding parameters for all traits analyzed. Phenotypic variances as well as residual correlations are shown in Table 3 . Generally moderate heritability estimates of 0.29 ± 0.01, 0.35 ± 0.06, 0.32 ± 0.02, and 0.17 ± 0.01 were obtained for IMF, MS, SC, and HP on the underlying scale, respectively. The current heritability estimate for IMF (0.29) was similar to the 0.30 ± 0.03 estimate reported by Speidel et al. (2007) for Red Angus cattle. The current MS heritability estimate (0.35) was slightly greater than the previous sire model estimate (0.26 ± 0.04) reported by Wilson et al. (1993) for Angus cattle. Crews et al. (2003) reported greater heritabilities for IMF in Simmental bulls (0.47) and heifers (0.52). Results from MacNeil and Northcutt (2008) also were greater for both Angus bulls and heifers at 0.38 and 0.40, respectively. The heritability estimate for SC was less than previous studies reporting SC to be highly heritable (h 2 > 0.5; Evans et al., 1999; Crews and Enns, 2008) . The current HP heritability estimate (0.17 ± 0.01) is similar to a previous estimate reported by Evans et al. (1999) supporting that HP is heritable on the underlying scale and genetic progress can be made over time given adequate breeding value accuracy and selection intensity.
The genetic correlation between MS and IMF was high (0.80 ± 0.05) when compared with previous estimates of 0.69 to 0.74 reported by Crews et al. (2003) for Simmental heifers and bulls, respectively. MacNeil and Northcutt (2008) reported genetic correlations between heifer IMF and MS to be 0.52, bull IMF and MS to be 0.66, and steer IMF and MS to be 0.84. Therefore, these results support genetic evaluations that include live ultrasound measures of IMF in genetic predictions for carcass MS.
The genetic correlation estimate of HP with SC (0.05 ± 0.09) was near zero. These results are in agreement with Evans et al. (1999) who estimated a corresponding genetic correlation of 0.002. Favorable additive genetic relationships of SC with age at puberty have been reported in the past (Brinks et al., 1978; Toelle and Robison, 1985 ). Yet, genetic relationships between age at puberty and HP rates have yielded conflicting results 1 Min = minimum; Max = maximum. 2 HP = binary phenotypic observation with 1 = success and 0 = failure. 3 Mean for HP is equivalent to an 80% success rate. Table 2 . Estimates of heritability (h 2 ± SE) for all traits 1 (on the diagonal), genetic covariance among traits (above the diagonal), and genetic correlations (r g ± SE) derived from them (below the diagonal) (Moser et al., 1996) . Scrotal circumference and age at puberty may have little genetic association with HP due to reducing age before breeding through both genetic and managerial practices in heifer and bull development. Short and Bellows (1971) stated that the number of heifers becoming pregnant is correlated with the number exhibiting estrus early in the breeding season. There may be potential to see larger genetic correlations between SC and HP in breeds that reach puberty at later ages such as the Bos indicus-influenced breeds, which may have a greater proportion of prepubertal females before the breeding season than Bos taurus breeds (Patterson et al., 1991; Thallman et al., 1999) . Current genetic correlation and heritability estimates for HP and SC suggest that development and implementation of an HP EPD would be more efficient for increasing the proportion of females calving at 2 yr of age compared with selection criteria based on yearling SC measurements. Also, there is little added increase in accuracy of HP predictions through the inclusion of SC as an indicator trait.
Genetic correlation estimates were the greatest between IMF and HP (0.13 ± 0.09) when compared with genetic correlations between other evaluated traits and HP. Bull SC has long been associated with fertility in female relatives; however, the current genetic correlation between HP and SC (0.05 ± 0.09) was less than the 0.13 estimate between HP and IMF. The current estimate between HP and IMF is ultimately low and would likely have little effect on increasing accuracy of HP breeding values when included in national cattle evaluation. However, these results do support the findings of Evans et al. (2004) in which heifers that became pregnant postsynchronization had a greater IMF than those that were observed as noncyclic postsynchronization, indicating a potential biological component to intramuscular fat deposition and HP.
The confidence interval for the estimated genetic correlation between MS and HP (0.10 ± 0.15) was large and encompassed 0, suggesting a negligible genetic association. Similarly, the estimated genetic correlations of SC with MS (0.01 ± 0.08) and IMF (0.05 ± 0.06), and for HP with IMF all were close to zero. These results indicate that genetic merit for intramuscular fat deposition at approximately 1 yr of age has little genetic association with fertility measures in Red Angus cattle.
Phenotypic variances and residual (co)variances and correlations are presented in Table 3 . Most residual correlations are zero by definition such as between live indicators of carcass merit with carcass traits, and between sex-limited traits where both traits are not measured on the same animal. Nonzero correlations were small with large SE. However, this indicates that environmental approaches including management to improve fertility traits (SC and HP) would not be antagonistic to improvement of IMF.
Analysis of the indicator traits IMF and SC with the economically relevant traits MS and HP suggest that concomitant selection for increased fertility and increased marbling would not be antagonistic. Based on the high genetic correlation, moderate heritabilities, and ease of measurement, the inclusion of IMF as an indicator trait in a genetic evaluation of MS will improve the accuracy in which the MS EPD is predicted. However, the low heritability estimate for HP and the poor direct genetic correlation of HP with SC indicate the need to improve methodologies and develop alternative indicators for improving accuracy of HP genetic evaluations. Residual covariance = 0 is by definition.
